In most mammals, mothers exhibit natural variations in care that propagate between 3 generations of female offspring. However, there is limited information on genetic variation that 4 influences this propagation. We assessed early-life maternal care received by individual female 5 rat offspring in relation to genetic polymorphisms linked to dopaminergic activity, maternal 6 care provisioning, and dopamine levels in the maternal brain. We also conducted a systematic 7 analysis of other genetic variants potentially related to maternal behavior in our Long-Evans rat 8 population. We found that dopamine receptor 2 (rs107017253) variation interacted with the 9 relationship between early-life maternal care received and dopamine levels in the nucleus 10 accumbens shell which, in turn, were associated with later-life maternal care provisioning. We 11 also discovered and validated new variants that were predicted by our systematic analysis. Our 12 findings suggest that genetic variation influences the relationship between maternal care 13 received and maternal care provisioning, similar to findings in human populations. 14 15
Introduction 18 19
The maternal environment has a substantial role in influencing offspring phenotype in 20 adulthood, including the intergenerational transmission of maternal care through the female 21 lineage (Fleming et al., 2002) . Both maternal care received and changes in the brain that occur 22 when the mother is preparing for postnatal offspring care involve alterations in the 23 dopaminergic (Champagne, 2004 from oxytocin, including prolactin and arginine vasopressin (Bridges, 2015) . These mechanisms 28 have been well-characterized in rodents and studies with humans show similar findings 29 (Rosenblatt, 1994) , suggesting that the factors involved in the intergenerational transmission of 30 maternal care are evolutionarily conserved. 31 32
Rat pups with early-life adversity induced by maternal and sibling deprivation are less attentive 33
to foster pups and their own offspring later in life than rat pups maternally reared (Gonzalez, 34 Lovic Previous work on the intergenerational transmission of maternal care in rats has mainly 47 focused on proxies of maternal neglect or the tail ends of the normal distribution of maternal 48 care received. We have more limited knowledge of factors that affect the intergenerational 49 transmission of maternal care in the average rat mother. Seminal research examining natural 50 variations in maternal care received between litters found that there is also substantial within-51 litter variation in later-life maternal care provisioning (Champagne et al., 2003) . In addition, 52 studies with human cohorts in nonclinical populations have shown a modest relationship 53 between parental care received and parental care provisioning (Van Ijzendoorn, 1992 ) and 54
found that the genotype of the individual can interact with the early-life environment or 55 directly affect maternal care provisioning (Fleming & Kraemer, 2019 There were significant positive correlations between later-life licking provisioning and 125 dopamine levels in the medial prefrontal cortex (Pearson's r = 0.339, p = 0.025; Figure 3A ), 126 nucleus accumbens core (Pearson's r = 0.306, p = 0.043; Figure 3B ), and nucleus accumbens 127
shell (Pearson's r = 0.302, p = 0.047; Figure 3C ). There were no other associations between 128 later-life licking provisioning and dopamine or DOPAC levels in any other brain regions. 129 130 In this study, we investigated the role of genotype in the transmission of inter-individual 251 maternal care across generations of female rat offspring. To our knowledge, this is the first 252 study that has examined the relationship between inter-individual maternal care received and 253 maternal care provisioning to the next generation of offspring and the genetic factors that 254 could influence this relationship. We found that the relationship between early-life licking 255 received and later-life licking provisioning was indirectly affected by dopamine levels in the 256 nucleus accumbens shell and dependent on Drd2 genotype. More specifically, female rat 257 offspring with the A/G genotype showed a positive relationship between average licking 258 received and dopamine levels in the nucleus accumbens of the maternal brain; there was no 259 relationship with female rat offspring with the A/A genotype. The increase in nucleus 260 accumbens dopamine corresponded to an increase in maternal licking/grooming provisioning 261 from postnatal day 2-9. The updated moderated-mediation model is displayed in Figure 6 . In 262 addition, estrogen-and oxytocin- that we verified using massarray, five were not polymorphic. The two most likely reasons for 314 this are that either a) the variant didn't exist in our population of Long-Evans, either due to 315 genetic drift, different suppliers, or simple change; or b) they were false positive calls, due to 316 the greater difficulty in calling variants from RNA-seq data than from DNA-seq data. However, 317 the majority of our calls variants were confirmed (69%), and four are novel variants (25%). 318
Later-Life Licking Provisioning
These findings show that this method is useful in understudied populations, which is important 319 because a large amount of rat genetic variation is still undocumented. The data we have 320 generated and publically shared on the genetic variation in the Long-Evans rat strain stands to 321 be a useful resource for other researchers studying the effects of natural genetic variation on 322 phenotype and epigenetic mechanisms. 323 324 Seven-week-old female (n = 24) and male (n = 6) Long-Evans rats were obtained from Charles 382
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River Laboratories. They were housed in same-sex pairs on a 12:12 hour light-dark cycle (lights 383 on at 7:00) with ad libitum access to standard chow diet and water. For breeding, one male was 384 housed with two females for one week. Females were then housed separately and weighed 385 weekly throughout pregnancy. All animal procedures were approved by the Local Animal Care 386
Committee at the University of Toronto Scarborough and conformed to the guidelines of the 387
Canadian Council on Animal Care. 388 389
Females were checked for parturition starting three weeks after breeding at 9:00 and 17:00. 390
Postnatal day (PND) 0 was determined if the birth occurred between 9:00 and 17:00 or if pups 391 were found at 9:00 but have not nursed yet. Pups found at 9:00 with a milk band were 392 considered PND 1. At PND 1, litters were culled to five to six female pups and individually 393 weighed. We focused on smaller litters in order to accurately measure maternal care received. From 10:00 to 17:00, litters were briefly separated from their mother and individually marked 401 using odorless and tasteless food coloring (Club House, London, Canada) to distinguish between 402 siblings. The entire litter was then placed in the opposite corner of the established nest and 403 maternal behavior was observed for 30 minutes using Observer XT 11.5 (Noldus Information  404 Technology, Wageningen, The Netherlands). To establish inter-rater reliabilities on behavioral 405 observations, three researchers coded the same mothers with an experienced coder until high 406 reliability (>90%) was consistently met. 407 408
The order pups were retrieved was recorded manually. Duration and frequency of anogenital 409 licking and body licking were coded for individual pups, meaning each pup had designated keys 410 in the Observer software. Hovering, nursing (blanket and arched-back), and nest-building were 411 coded as a litter, since these behaviors typically involve whole litters. Self-directed behaviors 412 (feeding and self-grooming) by the mother were also coded. Cages were not changed 413 throughout the maternal behavior observation period. 414 415
Total duration of licking (anogenital and body licking) and average duration of a lick bout (total 416 duration of licking/number of licking bouts) across all four observation days for each pup were 417 calculated as measures of maternal care. This was referred as "total licking duration" and 418 "average licking duration", respectively. 419 420
Female offspring were weaned at PND 22 and were pair-housed with siblings. They were 421 weighed periodically until adulthood (PND 75). 422 423
Maternal Care Provisioning Observations 424 425
A subset of adult female offspring (n = 54) were bred with sexually experienced males (n = 6) 426 for one week following other behaviour tasks, some previously published (Lauby et al., 2019) 427 and others will be reported in subsequent publications. Six females were unable to get 428 pregnant after two rounds of breeding and two females failed to lactate following partuition, 429 with a total of 46 rat mothers being used for intergenerational maternal care analysis. Births 430 were checked starting three weeks after breeding at 9:00 and 17:00. At PND 1, cages were 431 changed with no culling of pups. Litter size did not correlate with maternal care provisioning 432 (Pearson's r = 0.001, p = 0.994). 433 434
From postnatal day 2 to 9, each litter was video recorded for one hour three times during the 435 light phase (9:00-10:00, 13:00-14:00, 17:00-18:00) and three times during the dark phase 436 (21:00-22:22, 1:00-2:00, 5:00-6:00). These videos were coded with Observer XT 10.5 (Noldus 437
Information Technology) for maternal behavior by four coders. Nursing, licking/grooming, nest-438 building, and other self-directed behaviors were scored every three minutes based on previous 439 literature (Champagne, Francis, Mar, & Meaney, 2003) . A total of 120 observations per mother 440 per day were coded and maternal licking provisioning was represented as a percentage of the 441 frequency of licking/grooming behavior coded over total observations. 442 443
After 10:00 on PND 9, the rat mother was separated from her pups and was sacrificed with CO2 444 inhalation and decapitation. Liver and whole brain tissue were collected and placed in dry ice or 445 flash-frozen in isopentane, respectively. Tissue was stored in -80°C until further processing. 446 447 448  449 Forty-six maternal rat brains were sliced and microdissected using a Leica CM3050S cryostat 450 (Leica Microsystems, Wetzlar, Germany). Medial prefrontal cortex (+4.20 mm to +2.70 mm 451 Bregma), nucleus accumbens core and shell (+2.20 mm to +1.20 mm Bregma), medial preoptic 452 area (0.30mm to -0.80mm Bregma), dorsal hippocampus (control brain region; -2.30 mm to -453 3.30 mm Bregma), and the ventral tegmental area (-5.20 mm to -5.60 mm Bregma) were 454 identified using an adult rat brain atlas (Paxinos & Watson, 1997) . 5 μL of 1.0 M ascorbic acid 455 was added to each sample to stabilize the neurotransmitters followed by storage at -80°C. 456 457
High Performance Liquid Chromatography
To prepare the samples, the brain tissue was thawed on ice, suspended in 20 μl artificial 458 cerebrospinal fluid (Harvard Apparatus, Holliston, MA) and homogenized by four pulses of 459 sonication (2 seconds per pulse). 2 μl of brain homogenate from each sample was analyzed for 460 protein concentration using BioRad protein assay reagent (BioRad, Hercules, CA). 1 μl of 0.2 M 461 perchloric acid per sample was added to the remaining homogenate and was centrifuged at 462 10,000 rpm for 10 minutes at 4°C. Genome Analysis Toolkit (GATK) guidelines. In brief, adaptors were trimmed from the fastq files 489 using trim galore (version 0.4.1). The aligned files were aligned to the rn6 rat reference genome 490 using STAR (version 2.6.0.), using two-pass mode (Dobin et al., 2013) . Read groups were added 491 and duplicates were marked using picard tools. NCigar reads were split using GATK (version 492 4.0.8.1), and variants were called using HaplotypeCaller. 
